The results of a theoretical study of HOCO − photodetachment are presented, with a view toward understanding the origin of two peaks observed by Lu and Continetti (Phys. Rev. Lett. 99, 113005 (2007)) in the photoelectron kinetic energy spectrum very close to threshold. It is shown that the peaks can be attributed to vibrational Feshbach resonances of dipole-bound trans-HOCO − , and not s-and p-wave shape resonances as previously assumed. Fixed-nuclei variational electron-HOCO scattering calculations are used to compute photodetachment cross sections and laboratory-frame photoelectron angular distributions. The calculations show a broad A ′′ (π*)-shape resonance several eV above threshold.
I. INTRODUCTION
The bimolecular reaction between the hydroxyl radical and carbon monoxide, OH+CO→H+CO 2 , is important in atmospheric and combustion chemistry. As an intermediate, the HOCO radical governs the dynamics of this process. For this reason, there has been a considerable amount of experimental and theoretical study aimed at characterizing the molecule [1] [2] [3] . The HOCO − anion, which can be formed during the reaction of OH − + CO in a supersonic expansion, has also been the subject of theoretical [4, 5] and experimental study. Clements et al [6] and Lu et al. [7] showed that the dissociative photodetachment of the anion provides insight into the potential energy surface of HOCO and the dynamics of the combustion reaction. More recently, Lu and Continetti [8] studied the threshold detachment region with 1.60 eV photons and found two sharp peaks in the distribution of photejected electrons at 0.01 eV and 0.09eV, which they interpreted as s-and p-wave shape resonances, respectively, based largely on the angular distributions associated with the two features(see Fig. 1 ). They showed that the latter feature could be used to align the molecular anion by a two-photon detachment process.
The assignment of the threshold peaks as shape resonances was based on an atomic approximation for photodetachment in which the interaction between the photoelectron and the neutral molecular core is assumed to be of short range, i.e., to fall off faster than r −2 at large distances. An important factor not considered in this interpretation is the permanent dipole moment of the molecule. For molecules with strong permanent dipole moments the properties of the ejected electron are influenced by the dipole field, which is long-range in nature and strongly mixes continuum partial-waves. Because of this mixing, one would not expect for find narrow shape resonances close to threshold. Molecules with sufficiently large dipole moments can bind an electron. Indeed, binding of an electron to the dipole field of a polar molecule is a well known phenomenon. Dipole-bound states are
FIG. 1: (Color online) HOCO
− photoelectron detachment spectrum at E hν =1.6 eV from Lu and Continetti [8] . (a) Angle-integrated spectrum. Note that peak (III) comes from 2-photon absorption. (b) 2D projection of 3D laboratoryframe photoelectron angular distributions.
observed in various experiments and their existence is supported by ab initio calculations [9] [10] [11] . Rohr and Linder studied the scattering of low energy electrons by HF and HCl and found resonance structure at the vibrational thresholds. The resonances have been ascribed to a temporary binding of an electron to the dipole field of the molecule [12, 13] . Dipole-bound states are also observed in the photodetachment spectrum of various anions [14] [15] [16] [17] [18] . Zimmerman et al. were one of the first groups to observe sharp resonances in the photoelectron spectrum of the acetophenone enolate anion [14] . They attributed the resonances to the vibrational levels of the dipole-bound anion. More recently, dipole-bound states have been attributed to a series of sharp peaks in the dissociative electron attachment cross sections of DNA bases, RNA base uracil, and the halouracils [19] [20] [21] [22] . Similarly, here it will be shown that a dipole-bound state offers a more plausible explanation for the threshold peaks seen in the photoelectron energy distribution of HOCO − than electron scattering shape resonances. Our calculations will show that these resonances result from excitation of the OCO bend vibrational motion in the dipole-bound anion. The electronic structure theory of dipole-bound states is well established [11, [23] [24] [25] [26] [27] [28] and will be used to aid the analysis.
We will also present photodetachment cross sections obtained from variational, fixed-nuclei scattering calculations. While these calculations show no evidence of any threshold peaks, they do identify a shape resonance several eV above threshold with dominant contributions from l=1 and l=2 partial waves. Laboratory-frame photoelectron angular distributions will also be presented.
II. COMPLEX-KOHN CALCULATION: PHOTODETACHMENT CROSS SECTION OF HOCO

−
Photodetachment of a molecular anion at a fixed photon frequency can in general produce photoelectronsand corresponding rovibrational states of the neutral molecule -over a range of energies that span the FranckCondon region of the initial anion. However, in the scattering calculations we report here, the nuclei were constrained to be fixed at the equilibrium geometry of the anion, and so we have, in our calculations, a oneto-one correspondence between photon energy and photoelectron energy. Fixed-nuclei photodetachment amplitudes were computed using the complex Kohn variational method [29, 30] . Since the method does not rely on single-center expansions to compute the required electron-moelcule continuum wavefunctions, it is well suited to applications involving polyatomic targets. Here we give a brief summary. The final-state wave function for production of a neutral molecule in a specific state Γ 0 is written as
where Γ labels the final target states χ Γ included, F − ΓΓ0
are channel functions that describe the photodetached electron, and A is the antisymmetrization operator. Note that we are using Γ 0 as a combined index to denote the target electronic state and the angular momentum quantum numbers l 0 , m 0 of the ejected photoelectron. In the Kohn method, the channel functions are further expanded, in the molecular-frame, as
where the ϕ i (r) are a set of square-integrable (Cartesian Gaussian) functions, Y lm is a normalized spherical harmonic, k Γ are channel momenta, and the f lm (k Γ , r) and g − lm (k Γ , r) are numerical continuum functions that behave asymptotically as regular and incoming Riccati-Bessel functions, respectively. [31] The coefficients T ΓΓ0 ll0mm0 are the T-matrix elements.
Photodetachment cross sections can be constructed from the matrix elements
where r µ is a component of the dipole operator, which we evaluate here in the length form,
and Ψ 0 is the initial state wave function of the target molecular anion. To construct an amplitude that represents a photoelectron with momentum k Γ0 ejected by absorption of a photon with polarization directionǫ, measured relative to the molecular body-frame, the matrix elements I µ Γ0 must be combined in a partial wave series:
The cross section, differential in the angle of photoejection and photon polarization relative to the fixed bodyframe of the molecule, is then given (in atomic units) by
where ω is the photon energy and c is the speed of light.
To compute a laboratory frame photoelectron angular distribution Eq. (6) is averaged over all orientations of the target anion. The resulting differential cross section has the form
where P 2 is the Legendre polynomial of order 2, θ is the angle betweenǫ andk and β Γ0 is the asymmetry parameter. The photodetachment total cross section is obtained by averaging over polarization directions and integrating over photoelectron directions and is given by
III. RESULTS
A. Photodetachment cross sections
The square-integrable portion of the basis for the complex Kohn calculations consisted of Dunning's triple-zeta basis [32] , augmented with one p-type and one s-type function on all atoms. To this set, 5 s-type, 5 p-type and 4 d-type functions were added at the center of mass. In addition, numerical continuum functions up to l=6 and m=6 were included.
To avoid working with non-orthogonal orbitals, a single set of molecular orbitals is used to construct both the initial anion and final neutral states. Those orbitals can be obtained from calculations on the target anion, the neutral molecule or some average of the two. That choice can strongly affect the computed cross sections and, in particular, the positions and widths of shape resonances. For example, in C 1s photoionization of neutral CO 2 , the cross sections computed using the ion molecular orbitals or averaged (Slater's transition-state [33] ) orbitals give much better agreement with experimental observations than those obtained with CO 2 molecular orbitals [34] [35] [36] . Slater's transition-state orbitals have been used extensively in core-level photoionization studies and have been shown to give results consistent with experimental measurements [34, 35, 37, 38] . To investigate the orbital relaxation effects in the case of photodetachment, here we compute the cross sections using anion, neutral and Slater's transition-state orbitals. The latter is obtained by taking the average of the anion and neutral orbitals using natural orbital techniques.
The total photodetachment cross sections of trans-HOCO − , calculated using the three types of molecular orbitals, are plotted in Fig. 2 . The calculation is done at the equilibrium geometry of HOCO − computed by Clements et al [6] . Clearly, the position of the resonance shifts to lower energy and the magnitude increases as the orbitals used in the calculation become more anionic. The cross section for cis-HOCO − , obtained using the anion orbitals, is shown in the same figure and it is very similar to that of the trans-conformer. The similarity between cis-and trans-conformer cross sections holds for other orbital choices as well. From here on, we will focus on the trans-HOCO − results obtained with transitionstate orbitals.
There have been no experimental measurements of the electron affinity of HOCO, although theoretical calculations [4, 6] indicate that it requires ∼1.4 eV to detach an electron from the valence shell of HOCO − . The experiment of Lu and Continetti [8] , which used a fixed photon energy of 1.60 eV, could therefore only probe photoelectrons up to a few tenths of an eV produced by single photon absorption. The broad peak in their measured photoelectron spectrum (labeled III in Fig. 1 ) centered near 1.2 eV comes from 2-photon absorption and is therefore not directly related to our calculated single-photon detachment cross section. Of more relevance to the present calculations are the earlier measurements of Clements et al [6] and Lu et al [7] done at 4.80 eV and 3.21 eV photon energy, respectively. These experiments showed the photoelectron peaks corresponding to e − + HOCO production centered at 2.7 eV and 1.3 eV, respectively. If there were no resonance involved, one would expect the − calculated using the neutral, Slater's transition-state, and anion orbitals. The cross section for cis-HOCO − computed using anion orbitals is also shown.
difference in the peak positions to simply correspond to the difference in photon energies, i.e., 4.80 -3.21 = 1.59 eV, instead of the observed value of 1.4 eV. The observation is consistent with the E hν =4.80 eV measurement probing a resonance near 2.7 eV, which would shift the peak down from the expected value of 2.89 eV (i.e. 1.3 + 1.59 eV) and which is consistent with our calculations that use transition-state orbitals and show a resonance near 2.7 eV. HOCO − is planar, so the calculations were carried out in C s symmetry for the A ′ and A ′′ components of total photodetachment cross section. In Fig. 3 the partial photodetachment cross sections for trans-HOCO − , computed using transition-state orbitals, are presented. The figure shows an A ′′ shape resonance with a maximum at around E e = 2.7 eV, while the A ′ component of the cross section varies slowly with energy. The calculations clearly identify the 2.7 eV feature as an out-of-plane, π* shape resonance.
To investigate the origin of the shape resonance in more detail, the plots of the partial cross sections of trans-HOCO − , summed over the m quantum numbers and averaged over polarization directions, are shown in Fig. 4a . The importance of the centrifugal term in the potential is clearly shown. Our calculation shows the dominance of s-wave contributions very near threshold. This is also shown by the laboratory-frame angular distribution and the beta parameter at those energies. The beta parameter, shown in Fig 4b, approaches zero at very low energies. The angular distributions are shown in Fig 5a, and they become more isotropic as energy decreases, which is consistent with the observations of Lu and Continetti [8] . The l = 1 contribution quickly becomes the dominant component as the photoelectron energy increases, leading to a characteristic dipole pattern in the angular distribu- tion, except near the resonance peak, where the l = 1 and l = 2 partial wave contributions become comparable. There is also a very small contribution from l=3. As expected the beta parameter changes rapidly as the energy goes through the resonance region. The change is demonstrated by the angular distributions plotted in Fig  5b. Although the angular distributions near threshold are consistent with experiment, the calculations do not Fermi and Teller [39] were the first to show that a nonrotating dipole with magnitude d>1.625 D can support an electron in an infinite number of bound states. A number of subsequent studies demonstrated that, even in the low temperature limit, rotational motion becomes important and the critical dipole-moment and the number of bound states depend on the moment of inertia of the molecule [40, 41] . For small molecules, Garret [40] has provided the rough rule of thumb that a dipole moment must be greater than 2.0D to bind an electron by one meV or more.
With small, non-polar closed-shell neutral molecules, the lowest valence unoccupied molecular orbital (LUMO) typically lies in the continuum, so the associated "anion" exists as a transient state that can be observed as a resonance in electron-neutral molecule scattering cross sections. With open-shell neutral molecules, stable valencebound anions often exist, with electron binding energies typically less than 3 eV. When the open-shell neutral molecule has a large permanent dipole moment, it may support both a valence anion and an excited, dipolebound anion [25] . The dipole-bound anion is analogous to a highly excited Rydberg state of a neutral molecule, where the electron is weakly bound in a diffuse orbital and the nuclear geometry is very much like that of the cationic, or in the dipole-bound case, the neutral core. Since the binding energies of dipole-bound states are typically on the order of a few meV, their vibrationally excited states can autodetach into the neutral plus free electron continuum and can be detected experimentally as sharp resonances in the near-threshold photodetachment cross section.
Dipole-bound states have been accurately described using various bound-state methods. Wetmore et al [23] investigated the electronic structure of the acetaldehyde enolate anion at the SCF level and demonstrated that there was a Rydberg-like state of the anion whose properties are very similar to the ground-state of the neutral. They pointed out the possibility that vibrationally excited levels of this dipole-bound state could be responsible for the sharp resonances observed in electron photodetachment experiments. Gutowski et al. [24] later included electron correlation in the description by means of the coupled-cluster method with single, double, and noniterative triple excitations [CCSD(t)]. A number of other groups [25] [26] [27] [28] have successfully calculated the properties of these states. Electron correlation is known to affect the binding energy of dipole-bound states in two opposing ways: 1) the electron correlation in many cases decreases the dipole moment and hence the binding energy, and 2) assuming electron correlation has little affect on the dipole-moment, there are other correlation effects that actually increase the binding energy. Here the binding energies are computed at the SCF and configurationinteraction level of theory with single and double excitations (CISD). In addition, dipole moments are computed at the SCF and MP2 level using the Gaussian 09 [42] package. Previous investigations show that the most important requirement in describing dipole-bound anions is the inclusion of diffuse functions capable of describing the highest occupied molecular orbital (HOMO) that localizes most of its density behind the positive end of the molecule [23] . This can be accomplished by including diffuse s-and p-atom-centered basis functions on the electropositive atom(s). All the calculations presented here are done using the Dunning's triple-zeta Gaussian-orbital basis set [32] , supplemented with a large set of diffuse primitive Gaussian functions centered on the hydrogen and carbon atoms. The exponents of the added eight sand p-functions form an even-tempered sequence, with the ratio between exponents being 3.2. The smallest exponent of the added s-and p-functions was 2.0 x 10 −5 . The MP2 calculations gave values of 2.84 D and 1.86 D for the dipole-moment of trans-and cis-HOCO, respectively. The dipole field of trans-HOCO is strong and it should be able to bind an electron, while the potential of cis-HOCO is too weak. At the SCF level, the dipole moments of trans-and cis-HOCO are 3.55 D and 1.98 D, respectively. Clearly, electron correlation decreases the dipole moment. The HOMO of trans-HOCO − from an SCF calculation on the triplet state of the anion is shown in Fig. 6 and it shows the majority of density being concentrated behind the positive end of the molecule, in agreement with previous observations. Koopman's theorem gives a binding energy of 3.2 meV, while at the CISD level of theory, the binding energy of the anion is 0.48 meV. In the latter calculation, the desired value was obtained by subtracting the energy computed for the anion from that of neutral. Consistent with previous observations, electron correlation decreases the dipole moment and as a consequence the binding energy goes down. All calculations suggest that trans-HOCO can bind an electron to form a stable dipole-bound anion.
Our calculations suggest that the threshold peaks observed in the photoelectron spectrum can be ascribed to the decay of a vibrationally excited level of the dipolebound trans-HOCO − . The experiment was performed with a fixed photon frequency of 1.6 eV. If we assume that the ground state of trans-HOCO − is bound by 1.4 eV, then the vibrationally excited level of the dipolebound state that is populated in the experiment must lie ∼0.2 eV above the detachment threshold. Since the outer electron in dipole-bound HOCO − occupies a region of space far from the neutral HOCO core, it is reasonable to assume the vibrational frequencies of dipolebound HOCO − and trans-HOCO to be very similar. The vibrational energy spacing between the OCO bend levels in trans-HOCO is 0.08 eV [43] , which is also the spacing between the threshold photodetachment peaks observed by Lu and Continetti [8] .
The mechanism these calculations suggest is responsible for the threshold peaks is that a 1.6 eV photon populates the ν f = 2 OCO bend level of the dipolebound anion, which then autodetaches to leave neutral HOCO in either its ground or first excited vibrational levels, producing photoelectrons near zero and 0.08 eV, respectively. To verify that this mechanism is plausible we must first consider the Franck-Condon approximation for the transition to the ν = 2 level of the OCO bending mode, and then examine the potential curves of the dipole bound anion for that vibrational mode.
While the potential energy surfaces of the dipolebound anion and neutral HOCO are expected to be very similar, the potential energy surfaces of groundstate HOCO − and dipole-bound HOCO − are different. Fig. 7 shows a cut through the latter two surfaces, calculated using the CISD method, along the OCO bend which shows that the OCO angles, at equilibrium, are different. Here the geometry of the molecule other than the quantity being plotted is frozen at the equilibrium geometry of the ground-state anion. A full optimization of the dipole-bound anion geometry would lower the upper curve in Fig. 7 by ∼1 eV. If we make a Frank-Condon approximation using these potentials, we see that an appreciably nonzero Franck-Condon factor for the transition from the ground state of HOCO − to the third OCO bending level of the dipole-bound anion is to be expected.
We must also verify that the dipole bound anion potential surface can support vibrational states of the relevant bending mode up to ν = 2. Fig. 8a shows a cut through the potential energy surfaces of the HOCO radical and dipole-bound HOCO − . The bond parameters, other than the ones plotted, are frozen at the equilibrium values of the radical given in ref. [6] . As expected, the potential energy surfaces of the two species are essentially identical. The OCO bend vibrational energy levels, ν f are also shown in the figure and they are derived from the experimental IR frequency [43] . The binding energy of the anion and the dipole moment of the radical along the OCO bend are plotted in Fig 8b and 8c , respectively. They demonstrate the sensitivity of the binding energy to the dipole moment of the molecule. As the OCO bond angle increases, the permanent dipole moment of the molecule decreases and as a result the anion becomes less bound. The potential energy surfaces of the two states cross when the OCO bond angle is 141.1 degrees, which is energetically just above ν f =2 vibrational state. The crossing of the states is represented by the vertical line in the figure. E bind =0 is represented by the horizontal line in Fig. 8b . According to these calculations, the dipole-bound anion can support three OCO bending vibrational levels for which classically allowed motion occurs exclusively at angles where the state is electronically 
c. bound, and the highest of these is the one that this mechanism suggests is responsible for the threshold peaks.
Finally, we must ask whether an alternate, simpler mechanism might produce these threshold peaks in the photoelectron spectrum. Direct photodetachment leaving neutral HOCO in vibrationally excited states is certainly such a mechanism, and essentially the same Franck-Condon analysis given above would apply to direct photodetachment. For example, a vibrational progression is seen in the photodetachment spectrum of the nitromethane anion [25] , which has no known dipole bound states. If the two prominent threshold peaks seen in the experiment Lu and Continetti [8] were the beginning of such a progression, then experiments with higher photon energies should contain those two peaks and perhaps also additional members of the progression. However, such features are not seen in experiments with 3.21 eV photons by Lu et al. [7] or in experiments with 4.8 eV photons by Clements et al. [6] . By the same token, if our interpretation is correct, then an experiment carried out at a photon frequency ∼0.1 eV lower than the 1.6 eV that was previously used should yield only one threshold peak.
IV. SUMMARY
We have argued that the two peaks observed in the threshold photodetachment spectrum of HOCO − do not imply the existence of low-energy s-and p-wave shape resonances, but rather result from the decay of a vibrational excited state of the dipole-bound anion into lower states of the HOCO neutral. Our conclusions are based on a series of electronic structure calculations, as well as fixed-nuclei electron -HOCO scattering calculations. The dipole moment of the trans-radical computed at the MP2 level of theory is 2.84 Debye, which is larger than the threshold value that Garret [40] suggests is needed to bind an electron. Furthermore, our CISD calculation using diffuse sets of basis functions, predicts the binding energy of the dipole-bound anion to be 0.48 meV. Our complex Kohn calculations also predict an A ′′ (π)* shape resonance several electron volts above the photodetachment threshold. A partial wave analysis shows that this resonance is characterized by predominant l=1 and l=2 components. Finally, we have calculated laboratory frame photoelectron angular distributions. In the threshold region, they agree with the distributions measured by Lu and Continetti [8] . Experimental verification of the dipole bound state mechanism might be found in an experiment performed with a tunable source, such as those that have observed such resonances in enolates [16, 44] .
